The observation of π1(1600) → πρ is shown in the flux-tube model to be compatible with this state being a hybrid meson with branching ratio to this channel ∼ 10 − 25%. This forces the hybrid π(∼ 1800) to have a width to πρ ∼ 100-300 MeV, which implies a novel interpretation of data. The πρ widths of other hybrids are related by rather general arguments. These results enable cross sections for photoproduction of hybrids to be predicted. 
Introduction
The "smoking gun" for hybrid mesons has been the possibility of them having combinations of J P C that are forbidden to conventional qq. Examples of such exotic states include 1 −+ , which in lattice QCD and the flux-tube model is predicted to occur ∼ 2 GeV in mass [1, 2, 3] , with the further exotic states 0 +− , 2 +− occuring somewhat higher in mass [1] .
A 1 −+ state, π 1 (1600), has been seen in independent experiments [4, 5, 6, 7] . Its mass is somewhat lower than lattice computations had anticipated, but allowing for the lighter masses of nn(≡ uū or dd ) relative to the ß states studied in ref. [1] , a 1 −+ with a mass ∼ 1780(200)MeV is not implausible [8] . However, its observation in the channel πρ [4, 5] has raised questions about its nature, given that the standard predictions of hadronic decays of hybrids have been that they decay into excited states [9, 10] and are even forbidden into πρ [9, 10, 11, 12] . The latter selection rule applies in a symmetry limit (specifically where the π and ρ have the same size) and in the case where the decay is triggered by breaking the flux tube ("quark pair creation" or 3 P 0 model [13] ). It is not a general axiom. The approach described in the present paper severely breaks this symmetry by shrinking the π to a point-like current. This follows a standard approach for calculating pion emission, which has been applied with reasonable success to conventional decays for over 30 years [14, 15, 16] . We are now able to apply it to the decays of hybrids following the recent development in ref. [17, 18] . This built on an insight of Isgur [19] , which in simplistic terms is that the flux-tube is a dynamical degree of freedom which can be excited by the action of a current on its ends -the quarks (The application of this idea is described extensively in our paper [18] ). It is the purpose of the present paper to apply these ideas to calculate πρ decays of hybrids. We shall see that they can be large. Our results reveal that existing calculations in the literature implicitly allow this, and that the J P C dependence of our results is also found to occur in those calculations. Finally, given the empirical success of converting πρ amplitudes to πγ for known states, we can predict the γπ → H amplitudes, which are an essential requirement for estimating their photoproduction cross sections.
π emission: Relative widths for Hybrid J P C → πρ or πω
The most general form for the transition operator for π emission from a single quark or antiquark, consistent with SU (6) w × O(2) Lz and the transformation between current and constituent quarks [20] has the form [21, 22] 
where v ∓ transforms like ∆L z = ∓1, the σ act on the spin states of the constituents and α, β are common reduced matrix elements for a supermultiplet but are otherwise unknown. In specific models, the α, β also are calculated, the structure of the π emission operator retaining this general form. For example, the non-relativistic reduction of the pseudoscalar current to O(m −2 ) may be written in the form [14, 15, 16] 
where g is a dimensionless coupling constant (to be determined) and r Q , p Q are the quark's coordinate and momentum operators respectively.
Historically these ideas have been applied only to transitions among conventional states where the flux-tube degrees of freedom have been subsumed in a potential. We shall go beyond this, building on ideas in refs. [19, 17, 18] . In general
where r is the internal "longitudinal" relative coordinate through the c.m. and parallel to theaxis, and a is the transverse Fourier mode of the flux tube associated with the transverse displacement of therelative to the r [19, 17] . Thus the presence of r can cause transitions between S and P wave conventionalstates, while a can analogously generate transitions between conventional and hybrid (excited flux-tube) states. The parameter β 1 is effectively the measure of the transverse extent of the flux-tube wavefunction; if described by Gaussian wavefunctions [19, 17] one effectively has p a |g.s. = iβ
which has been used in deriving the expression in eq.(4).
For transitions among conventional hadrons (where a = 0) this leads to the general structure of eq. (1), which is supported by its empirical successes covering N * → N π and the spin dependence of a 2 /a 1 → ρπ, b 1 → ωπ among others. These are accomodated by fitting α, β to one rate and one spin amplitude, and then the others are determined by the Clebsch-Gordan coefficients. In specific models with the operator eq.(2), the quark mass and wavefunction (transverse momentum spread) are fitted to two observables, and then the predictions enable baryon and meson transition amplitudes in a range of supermultiplets to be related(e.g. [14, 15, 16] ).
We shall be interested in transitions to hybrid states where a = 0. We shall make specific model dependent computations, following the procedures described in ref. [18] . However, we first discuss what more general relations ensue for hybrid transition amplitudes based solely on the more general structure of eq.(1). The first excited set of hybrid states consist ofin S=0,1 coupled with the single unit of angular momentum in the excited flux tube to give states with parity P = ±1. Ref. [18] shows how the relative phases of the amplitudes for transitions to P = ±1 states arise; in particular transitions to P = −1 hybrids receive no contribution from the σ · q term in eq. (2) . Hence as the analogue of eq.(1) for the hybrid excitations one has the following general structure:
Using Clebsch-Gordan coefficients L, m L : S, m s |J, m J we thus compute helicity amplitudes in terms of α, β, γ.
Using the conversion from helicity to partial-wave amplitudes in Table XI of ref. [15] , which in our normalisations reads (with M 0,± referring to amplitudes having m s = 0, ±1 respectively)
These can be succinctly expressed as follows, P = + 1
3 |γ| and D = 1 3 |α + √ 2β|. These correlate with the relative amplitudes in table 6 of Close and Page [10] who computed these decays in the assumption that the flux tube breaks with creation of a newin 3 P 0 state. (The reason is that there is a common Clebsch-Gordan pattern in the two approaches for this particular class of decays).
With the assumption only that the partial wave amplitudes S, D; (P ) are common to the supermultiplets of hybrids with P = +(−) respectively, then for equal masses where
we have the following constraint on the widths for the isoscalar/ isovector P = + states to πV .
3Γ 1
For the P = − states we have (where again these relations hold for equal charge counting number, C),
This implies that if the π 1 (1600) is a hybrid, then π 0H → πρ must also be prominent. This may be consistent with the data as ref. [4] shows detailed structure throughout the 1-2 GeV range, including the π(1800) (the presence of radial nodes tends to suppress the πρ width of a 3S π state, so such a signal is interesting [23] ).
In order to convert these relative widths into absolute values, we need to compare with the model's predictions for the πρ, πω widths of conventional states.
Widths of conventional and hybrid states
In the above normalisation of amplitudes, the widths of conventional transitions can be calculated (for details see e.g. refs [15, 14, 16] ). We use the explicit form for the transition operator at eq(2),
where g is a dimensionless coupling constant (to be determined) and
We note again that the presence of r can cause transitions between S and P wave conventionalstates, while a can analogously generate transitions between conventional and hybrid (excited flux-tube) states. The parameter β 1 is effectively the measure of the transverse extent of the flux-tube wavefunction.
The partial width of a meson of spin j (M j ) is given here by
where the sum is over either helicity or partial wave amplitudes and C is the number of endstate charge possibilities (e.g. 2 for ρπ, 1 for ωπ). The resulting expressions for the widths of conventional states are
where
Refs. [14, 15] apply a similar approach to an extensive range of π emissions. An overall fit in ref. [15] , when translated to our normalisation, corresponds to g ∼ 4 − 6. For example, taking g = 5 gives the following values for a particular subset of decays to πρ/ω, which are most similar to the hybrid decays considered here.
Mode
We shall use the range 15 ≤ g 2 ≤ 40 to reflect the overall uncertainties when abstracting absolute widths for the hybrid transitions.
To normalise the overall scale of hybrids relative to the conventional states, we employ the method developed in ref. [17, 18] . The a pieces in eq.(2) cause transitions to the hybrid state. The effective piece in eq. (2) is
The calculation of matrix elements can be performed immediately using the techniques of ref. [18] (see especially eqns. (18, 19) of that paper). Then by comparison with the algebraic forms of eq.(6) we find for P = +
From these we can alternatively form the partial wave amplitudes:
For the P = − states, to the extent that an F wave is negligible,
so that
Using the above expressions for the hybrid matrix elements we can compute their widths. (22) The width for the 1 −+ corresponds to a branching ratio ∼ O(10 − 25)% if we identify with the state [4] m = 1600MeV; Γ = 168 ± 20 +150 −12 MeV. This is encouraging; had the branching ratio been ∼ O(1%) it would be implausible for the state to have been seen in this mode; conversely had the branching ratio been predicted to be ∼ 100% the required absence of other channels would have proved perverse. This result is consistent with (iii)with an analysis of the E852 data which gave a branching ratio of 20 ±2% and Γ(1 −+ (1600) → πρ) = 30 − 37MeV [25] .
The πρ width of the 2 −+ is identical to that of the 1 −+ as a function of mass. There are two isoscalar η 2 states [26] , masses 1645 MeV and 1870 MeV, each of which couples to non-strange mesons, which seems unnatural for a pair in a simple nonet and suggests that gluonic degrees of freedom may be excited within one or other of the states. 0 − 1 − decays of the I = 0 states are forbidden by G-parity. The πρ decay of any π 2 states is worthy of study. This should complement studies of the modes π 2 → πb 1 , which is forbidden for a conventional state [10, 27] but allowed for the hybrid π 2 .
The relatively larger width for the pseudoscalar hybrid is unavoidable in this approach and is a direct consequence of the Clebsch Gordan coefficients linking the transformation of equation (1) and the spin and angular momentum structure of the hybrid. The actual width is mass sensitive, m/ GeV 1.4 1.6 1.8 Γ/g 2 1.3 3.5 6.9 Γ / MeV 20 → 50 50 → 140 100 → 280 (with 15 < g 2 < 40). This highlights the restrictions of our simple calculations. A general conclusion is probably that the pseudoscalar hybrid does not exist as a simple state but that the 0 −+ hybrid, 2S radial mix strongly through the πρ channel [23] and potentially mix into the π wavefunction. This is consistent with results from Lattice QCD whose anomalously low mass for the hybrid pion may be a signal for significant mixing of hybrid components into the pion wavefunction [28] . It is also tantalising in view of ref [4] , which sees 1 −+ as above, and also notes that "the J P C = 0 −+ spectrum [in the 1-2 GeV mass range] is quite complex", with interesting resonant or interference structures including the π(1800), which is "clearly seen".
Width of 1
++ and 1 −− Hybrids
The axial hybrid decay in S-wave is
There is also a considerable D-wave such that the total width is likely to exceed 1 GeV, making this state hard to disentangle in data.
This may be compared with the states ρ(1460) and ρ(1700) [26] , which have been suggested to have hybrid vector meson content [29, 30] .
16 → 40 5 → 15 % ρ(1700) 2.50 40 → 100 15 → 40 % Although ωπ decays are seen for these states, they are at levels that are at best at the lower end of the above. If the states are mixtures of hybrid and conventional, as proposed in refs. [29, 30] , the πω widths become rather model dependent.
Widths of 0
The amplitudes give an immediate relative scale between the exotic 2 +− and the conventional 2 ++ as follows (in the approximation, realised here, that j 1 ≫ j 2 , j 2 ∂/2m ),
and the ratio of widths is
The resulting width is smaller than that of the a 2 for similar masses but rises significantly for increasing m(2 +− H ). The actual magnitude for m(2 +− H ) ∼ 2GeV is sensitive to form factor models but can be of order 4 − 7 × Γ(a 2 ) ∼ 250 − 500MeV. This is markedly different to the flux-tube breaking model [10] where a width of only ∼ 5 − 10 MeV was predicted for this mode (This difference appears to be because there is no analogue of the "direct", j 1 , term in the flux-tube breaking model of [10] ).
Radiative widths through vector dominance
For the conventional hadrons, the widths into πV may be used to give estimates for the widths into πγ by converting the V → γ as in vector dominance. For a 1,2 → πρ and b 1 → πω this leads to estimates of the corresponding a 1,2 → πγ and b 1 → πγ which are within a factor of two of the measured values, which is probably reasonable when one allows for some gross approximations when dealing with broad resonances and also the rather large uncertainties on the data for some radiative widths. With such caveats in mind we can analogously consider the implications for radiative widths of the hybrid states. For the 1 −+ and 2 −+ hybrids, their total widths are probably small enough that some of the uncertainites that plague broad resonances are absent. For a state with mass 1600 MeV, this leads to Γ(1 −+ (I = 1) → πγ) ∼ 50 − 200keV and similar for the 2 −+ state (with suitable adjustment if its mass is ∼ 2GeV). These estimates are consistent with those in refs. [11] , which were also used in ref. [31] to predict the cross section for photproduction of the exotic 1 −+ at Jefferson Laboratory energies. The present results can therefore be taken over immediately to substantiate those earlier estimates. Note that the prediction in the present work that the 1 −+ → πρ width is non-zero enables some justification for the VDM analysis of ref. [31] . Hitherto, there was the uncertainty associated with having neglected the role of (γ → ρ H ) ⊗ (ρ H π → H). The question is what is the relative importance of (γ → ρ H ) ⊗ (ρ H π → H) and (γ → ρ) ⊗ (ρπ → H). The vertex γ → ρ H is assumed to be small, which underpins the neglect of the former sequence. The problem is that in the flux-tube breaking model, as used in previous studies, the ρπ → H is itself small (even zero) so the assumed dominance of (γ → ρ) ⊗ (ρπ → H) could be questioned. The fact that we now find a significant strength for ρπ → H substantiates the assumed dominance of (γ → ρ) ⊗ (ρπ → H) and the cross-sections computed in ref. [31] .
The exotic 2
+− also appears intriguing for photoproduction studies. The Γ(2 +− ) → πγ is poorly predicted due to the difference in the πρ width in the present model compared to that in ref. [10] , and also because of the sensitivity to D-wave phase space in the vector dominance calculation. The raditative width could therefore be anywhere in the range ∼ O(5 − 300keV). In addition to production via π exchange, diffractive scattering can also produce 2 +− in P-wave. So a significant photoproduction cross section is anticipated when t = 0. The total width is expected to be similar to that of the 1 −+ [10] and hence potentially small enough to enable decays into channels such as b 1 π or ρπ for I = 0 and a 2 π or ωπ for I = 1 to be studied.
The large Γ(1 ++ H → ρπ) in eqn(23) implies via VDM a substantial γπ width > 1MeV. The quantitative application of VDM to such a broad state is questionable. It is however of interest that this is in line with our calculation in [17] , [18] which found Γ(a
In ref.
[17] the couplings of H → M γ were calculated in the electric dipole approximation. Even allowing for the question of the approximation for pion targets, there is still a question of principle as to whether this is the best approximation for calculating the photoproduction rates via π exchange. Note first that even in cc where non-relativistic approximations may be justified for, say, ψ H → γχ, where ψ H , χ are on mass shell and the γ is soft on the scale of these masses, it is questionable whether this is the relevant approximation for γM (t) → H where the momentum transfer t is small, i.e. where, in the jargon, the flux-tube is "tickled" [9] .
There are two time orderings to consider: (i) one where the exchanged meson occurs first and is hit by the photon (ii) the photon fluctuates towhich subsequently scatters from the exchanged meson. It is the latter situation that is nearest to high energy photoproduction as t → 0, and which corresponds to the philosophy of the present paper. It is clear that the photon is not coupling to a physical pion. As t → 0 it is reasonable to suppose that the photon and pion be treated on a similar footing: in our earlier work [17, 18] we computed in the approximation where the photon is a current, which excites apion; conversely, here we have effectively considered the implications of treating the photon asand the pion as a γ 5 current that causes the transition. To the extent that a similar pattern of conclusions has occured where comparisons with the former calculation can be made, it adds confidence to our earlier conclusions. Furthermore it enables extension to other electromagnetic transitions, notably involving the exotic 1 −+ and 2 +− . The results in the present approach are probably those most relevant to conversion to photoproduction rates via π exchange. Such estimates for Jefferson Laboratory experimental conditions are now called for.
